Grid generation for overset grids on complex geom-
more of the guidelines given in this paper are expected to be automated in the future. In any case, a new overset-grid user should be able to follow the steps described in this paper to generate high quality overset grids.
Advanced users may find this paper to be a useful collection of the current best practices. The principles discussed here are independent of the software tools used, but examples will be given on tools that try to follow these principles. Some of the ways of dealing with imperfect CAD geometry are:
• Work with local CAD organization to establish specific requirements.
• Use a third party application to repair and flavor CAD geometry.
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• Useagrid-generation code thathasa robust CAD importcapability.
• ImportnativeCADformatto avoidIGESissues.
• Interface directlyto the nativeCADsystem. (Fig. 3) . In complex applications, surface grids are usually generated using a mixture of the two approaches.
The Frequently, domains built aroundthe surface featuresdo not fill the entiresurface geometry. Additional domains needto be constructed in the gaps. Suchgapdomains areusuallyfilled by (1) creating surface curvesthat formthe four boundaries of the domain, andthen the interiorgrid is generated by transfiniteinterpolation, or (2) creatingonesurface curvethroughthe middleof the domainandsurface gridsoneachsideof the curvearegenerated by hyperbolicmarching. An algorithmto automatically identifyandfill suchgapsis givenin Ref.30. Unfortunately, this algorithmtendsto generate a large number of small domains whichareinefficient forflow solver processing.
For the untrimmed approach, components of the geometry arethestartingpointsfora surface decomposition. Eachcomponent maybedividedintooneor moredomains depending onits geometric complexity andthatofotherneighboring components. Aseparate domain is usuallyneeded at thejunctionbetween two intersecting components (see Section 3.2.1).Since domainsdesigned in thismanner will cover each componentcompletely, thereisnogap-filling stepneeded as foundin thetrimmedapproach. Forexample, theExternalTanksurface is dividedinto 15domains (some areshown in Fig.6 ). Domains onthe uppersideare required tobemoredense tocommunicate withtheattached hardware andtheOrbiter.Collargriddomains areusedat thejunctionbetween attached feedlines andthesurface ofthetank.
Forboth thetrimmedanduntrimmed approaches, the following guidelines arefoundto beuseful in performingsurface domain decomposition:
(1)Highflow-gradient regions tendto result in stiffcollar grid domains This is because patched grid domains frequently violate conditions (1) and (2) above. For example, a common practice of the patched grid approach is to place a domain boundary along a geometric discontinuity.
As shown in Fig. 8 As mentioned above, the wing root can be conveniently covered with a collar grid, with the streamwise topology and grid spacing usually chosen to match the main wing grid. In the spanwise direction, the grid wraps onto the fuselage as shown in Fig. 9c , conveniently producing a collar grid with only one viscous direction.
The wing tip region is most effectively covered by a tip cap grid. As opposed to closing the tip into a slit or trying to wrap the wing grid around the tip, the tip cap can resolve high gradients from the tip vortex while maintaining relatively smooth grid spacing.
Again depending oil the wing grid topology, the cap can either wrap from the tip onto the wing trailing edge (O-type cap) or extend into the wake along the wake cut (C-type cap) (Fig. 11) is recommended that the grid be continued aft of the trailing edge and the gap closed in the first point in the wake (Fig. 14a) . If the trailing edge thickness is greater than 0.2% chord, this approach can result in too abrupt a change in grid spacing and direction. An alternative is to wrap the surface grid onto the base and then out the wake (Fig. 14b) . 31'32 The drawback to this second approach is that it tends to result in unsmooth, skewed grids.
Domain Curves Extraction
The surface grid for a domain may be created from one or more bounding curves depending on how many boundaries are fixed or are free to float. (Fig. 15b) .
The truncation error induced by the grid is related to the grid stretching ratio. 
Volume Grid Generation
The goal of volume-grid generation is to fill the flow field with discrete points fine enough to resolve the fluid flow around an object. Body-conforming volume grids should clearly be used near the surface. In the normal direction, the grid spacing should be small near the body surface and should increase with distance from the surface. For a simple object that can be modelled with just one surface grid, it is appropriate to grow a single volume grid from the surface to the far field. For more complex objects with multiple surface grids, the near-body volume grids usually cannot uniformly fill the three-dimensional space in the vicinity of the body due to grid spacing stretching. In order to provide a uniform resolution of the near-body flow field, and to fill any gaps that might exist between the near-body volume grids, it is advantageous to grow these grids to just a short distance from the body, and then embed the near-body grids in stretched Cartesian grids that extend to the far field.
The question then remains on how far the near-body l0 -2 ................................................. avoided by using an H-grid topology in the spanwise direction (Fig. 20b) , but results in a collar grid with two viscous directions.
C and 0 Grids and Wake Smoothing
While the choice of a C-or O-type grid for a wing has been referred to obliquely as affecting other grid choices such as caps and collars, it is primarily a choice determined by the wing. Typically a C-grid is chosen for wings to provide grid resolution in the wake region and to avoid wrapping a grid around the obtuse angle of a sharp trailing edge. Conversely, configurations where tile wing wake does not impinge on other aerodynamic surfaces, or for geometries with thick trailing edges such as space access or reentry vehicles, the wake may be more conveniently resolved with an O-grid.
Even for a relatively sharp NACA 0015 airfoil, Fig. 21 shows a difference of only about 5% between O-grid and C-grid drag polars.
Another issue with C-grid wakes is viscous clustering at the wake cut. It has been found that maintaining a y+ = 1 spacing in the wake can result in convergence difficulties for some flow solvers (e.g., OVERFLOW).
This cell spacing is unnecessarily small in the wake region, and generally does not coincide with the actual One way to resolve these problems is to smooth tile grid in the wake region, relaxing the viscous clustering (Fig. 22) .
The "smogrd" tool in CGT can perform this function for wing, collar and wing cap grids.
Multi-Element Systems
High-lift aerodynamics analysis presents one of the most difficult challenges for CFD due to the complex geometry and complex flow physics. This stems from the multiple bodies that make up the high-lift components (wing, flaps, slats, and various attaching hardware) and their large range of length scales.
The small gaps between successive elements lead to boundary-layer and wake interactions, a complex viscous fluid-dynamic phenomenon which greatly affects the performance of the high-lift system. This complex geometry and flow puts specific constraints on the volume grid generation. The body-normal spacing must be fine enough to resolve the wakes flowing from upstream elements. Also, the spanwise spacing on the wing and flaps must be fine enough to resolve the vortical structures formed at the spanwise ends of the leading-edge devices. 
Fig. 26
Off-body Cartesian grids with successive levels of refinement by proximity to body.
the body where the grid spacing of the first and finest level is matched to the near-field grid resolution Asg. The grid spacings are coarsened by a factor of two for each level of the outer layers which extends to the far field (Fig. 26) . All levels of these Cartesian grids can be modified to adapt to the solution.
Both approaches are highly automated and provide very good results if the main purpose of the simulation is the accurate prediction of forces and moments.
If off-body flow features such as shocks need to be captured accurately, the second approach is clearly more appropriate. However, it also tends to be more expensive due to a higher volume of inter-grid communication between a larger number of grids. where the tangential spacing is typically on the order of 100 to 1000 times the normal spacing at the wall.
Domain Connectivity
The circular arcs in the figures represent the exact surfaces; the ax7 meshes represents a subset of a donor mesh; and the circles drawn along a wall-normal line represent fringe points from a neighboring mesh.
In Fig. 27a , it can be seen that the first fringe point above the surface actually lies in the fifth donor cell above the surface.
In actual high-Reynolds number overset meshes, the situation is typically worse, with first-cell fringe points residing in donor cells which are 10-20 cells above the wall. When the curvature of tile surface is reversed from convex to concave as in Fig. 27b , the fringe points close to the wall can actually lie inside the solid body of the neighboring mesh.
The convex scenario will result in significant errors in the resulting overset solution; recipient fringe points at the first point above the wall can receive donor solution data from cells in the middle of the boundary layer. The concave scenario will result in fringe points for which no donor interpolation cell can be found, resulting in orphan points. faces. This provides an error correction term for the distance to the wall for any subcell location, and this is used to correct the trilinear interpolation mapping for the fringe points.
Hole Cutting
Typical situations where holes are required to be cut in volume grids are illustrated in Figs. 28a, 28b and 9a. Fig. 28a shows one plane of a stretched Cartesian box grid which intersects the surface of a wing grid; the box-grid points which lie inside the wing must be cut. Fig. 28b shows a wing and a flap surface, with a spanwise plane from the flap grid which has grid points lying inside the wing. Fig. 9a shows one of the most difficult types of holes to be cut: an intersection of two untrimmed components, in this case, of a wing and fuselage. The figure shows a streamwise plane from the fuselage grid in a region where the wing will have to cut a hole that pierces the fuselage surface. 
